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Abstract 
The phase formation regularities of trydimite-type solid solutions CsMg1-xMexPO4 (Me = Mn, Co, Zn, Cu) were 
studied, and the dependences of the unit cell parameters on their compositions x were revealed. The thermal 
expansion of some double phosphates CsMePO4 (Me = Mg, Co, Mn, Zn) was investigated by high-temperature X-ray 
powder diffraction. The samples expand anisotropically and belong to high-thermal expansion materials. Single-
phase stuffed CsMgPO4-based ceramic (density about 95 97% of theoretical value) was obtained. A leaching rate of 
approximately 3·10-4 g·cm 2·d 1 for Cs was determined with statical leaching of prepared ceramic. 
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1. Introduction 
The complex phosphates with high cesium concentration of the compositions CsMePO4 (Me  
divalent metal with a tetrahedral coordination) adopting a stuffed -SiO2 tridymite structure are studied as 
perspective ferroelectrics, non-linear optical materials and ceramics for a 137Cs -radiation sources to be 
used in commercial and medical applications [1-6].  
Tridymite-type compounds have framework structure described by crystal-chemical formula 
An+{[TT'X4]n-}3  [2, 3, 7]. Tetrahedrally coordinated framework sites T and T' may be occupied by 
cations with oxidation states from +1 to +6: S6+, Se6+, Mo6+, W6+, Cr6+, P5+, As5+, V5+, Si4+, Ge4+, B3+, 
Al3+, Ga3+, Zn2+, Co2+, Mn2+, Be2+, Mg2+, Li+ and etc. X ligands may be O2-, OH- or F- anions. A sites in 
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cavities are usually occupied by large alkali (K+, Rb+, Cs+) or alkali-earth (Ca2+, Sr2+, Ba2+) cations, or 
Ag+, Tl+, Mn2+, Pb2+, NH4+, N2H5+, H3O+ ions, or combinations of two and more ions of different type. 
For example, in CsMgPO4 the framework is formed by six-membered rings of tetrahedra MgO4 and PO4, 
linked by common vertices, and large structural cavities are occupied by Cs+ ions.  
As smoothly varying of solid phase compositions allow for obtaining compounds with desirable 
properties, we have studied phase formation regularities and thermal behavior of the phosphates of 
CsMg1-xMexPO4 (Me = Mn, Co, Zn, Cu). Single-phase stuffed CsMgPO4-based ceramic was obtained by 
spark plasma sintering method, its density and other physico-chenical properties were studied.  
2. Experimental 
The phosphates of CsMg1-xMexPO4 (Me = Mn, Co, Zn, Cu) systems were synthesized by the co-
precipitation method. The starting reagents for synthesis were CsCl, MgCl2, Mn(CH3COO)2·4H2O, 
CoCl2·4H2O, ZnCl2, CuCl2 and H3PO4. The aqueous solution of phosphoric acid taken in accordance with 
the stoichiometry sample was added to stoichiometric mixture of cesium and metal (Me) nitrate, chloride 
or acetate solutions. The reaction mixtures were dried at 90°  and thermally treated at 600 and 700° . 
All the thermal treatment stages were alternated with careful grinding.  
Control of the chemical composition and homogeneity of samples was carried out by X-ray 
microanalysis using a scanning electron microscope CamScan MV-2300 (VEGA TS 5130MM), equipped 
with secondary and reflected electrons YAG detectors and energy-dispersive X-ray microanalyzer with 
a Link INCA ENERGY 200C semiconductor Si(Li) detector. Analyses were performed at an accelerating 
voltage of 20 kV X-ray emission region ~ 3 microns. For calculating the compositions, the PAP-
correction method was used. The error of determination of the sample composition was not more than 2.5 
at. %. 
The X-ray diffraction patterns of samples were recorded on a Shimadzu XRD-6000 diffractometer 
( u -radiation,  = 1.54178 Å, angle 2  range of 10°–60°). The high-temperature measurements were 
carried out in the temperature range of 25–800°  using the HA-1001 Shimadzu attachment. The heating 
rate was 10o /min. Prior to the measurements, the sample was kept at a specified temperature for 10 min. 
Unit cell parameters determined by the indexed X-ray diffraction patterns. 
The orthophosphate group evidence and symmetry of the synthesized products were confirmed by IR 
spectroscopy. IR absorption spectra of samples prepared by the method of fine films on a substrate of 
KBr, were recorded on FTIR–8400 spectrophotometer with the attachment ATR in the range of wave 
numbers 1400–400 cm-1. 
Differential thermal analysis (DTA) of the synthesized samples was carried out under argon using 
thermal analyzer Labsys TG-DTA/DSC in the temperature range 60–800°C at heating and cooling rates 
10°C/min. 
Our experiments replicated the main ceramic manufacturing steps: preparation of raw materials in 
powder form, compaction of the powder into green bodies, heat treatment, and evaluation and analysis of 
the resultant ceramic samples. To study the influence of sintering aids on the density of CsMgPO4 
ceramic, dick-shared samples were prepared by dry pressing at 200 MPa at room temperature and then 
thermally treated at 600 1000° . Green compacts contained 5 wt % inorganic additives (oxides and 
salts). The relative density of the ceramic was determined. Spark plasma sintering (SPS) of CsMgPO4 
ceramic was performed. The SPS of powders in vacuum was performed using an SPS-625 setup (Syntex 
Inc.), in which the samples were heated at 1050°C and at rate 100°C/min within 3 min. All samples were 
sintered under a pressure of 70 MPa. 
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3. Results and discussion 
Compounds of the systems CsMg1-xMexPO4 with x = 0 and 1 are characterized by different symmetry. 
It is known that three polymorphic forms with similar type of a framework are possible for -tridymite 
structure type cesium containing phosphates: monoclinic (sp. gr. P21/a) and two orthorhombic (sp. gr. 
Pn21a and Pnma). For many phosphates with temperature increase the phase transitions P21/a  Pn21a 
 Pnma are observed [4, 7–10]. Considered modifications are structurally related, low-temperature space 
group is a subgroup of the orthorhombic. The phosphate CsMnPO4 at room temperature crystallizes in the 
orthorhombic modification (sp. gr. Pnma and Pn21a, respectively) [11, 12], CsCoPO4 and CsZnPO4 – in 
monoclinic (sp. gr. P21/a) [8, 10, 13]. It was shown [14] that the sample CsMgPO4 absorbs water during 
the storage in air for several days, and loses it upon heating above 150°C. The anhydrous annealed 
sample crystallizes at room temperature in the orthorhombic space group Pnma. 
The phase formation regularities of solid solutions CsMg1-xMexPO4 on their compositions x were 
studied. The synthesized samples were crystalline powders. X-ray powder diffraction (Fig. 1a) and IR 
spectroscopy (Fig. 1b) measurements indicated that continuous (Me = Mn, Co, Ni, Zn; 0  x  1.0) or 
limited (Me = Cu; 0  x  0.4) solid solutions of the -tridymite structural type were obtained. The results 
of scanning electron microscopy, electron microprobe analysis monitored the homogeneity of the samples 
and conformity of their compositions to the theoretical values.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The X-ray diffraction patterns (a) and IR spectra (b) of solid solutions CsMg1-xMnxPO4:  = 0 (1), 
0.2 (2), 0.4 (3), 0.6 (4), 0.8 (5), 1.0 (6). 
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The study of the samples by DTA showed that for the system CsMg1-xCoxPO4 with x = 0.8 and 1.0 two 
phase transitions were found above room temperature, shifted to lower temperatures with decreasing x. In 
the system CsMg1-xCuxPO4 for the sample with x = 0.4, there was a transition at 357°C. For the 
phosphates CsMg1-xZnxPO4 with x = 0.6, 0.8 and 1.0 a phase transition was also observed above room 
temperature: for the samples with x = 0.8 and 1.0 two transitions shifted to lower temperatures with 
decreasing x, and a diffuse transition at the composition x = 0.6 were observed. For the phosphate, with x 
= 0.4 according to the DTA the presence of phase transitions was not possible to determine because of the 
proximity of a possible transition temperature to the temperature of the DTA experiment beginning. For 
the phosphates CsMg1-xMnxPO4 above room temperature phase transitions were not found. 
The unit cell parameters of the phosphates were calculated from indexed X-ray diffraction patterns and 
shown in Table 1. Mg2+ substitution for cations of Mn2+ or Co2+, Zn2+, Cu2+ in various ways affects the 
parameters that define the dimensions (a, b, c) and the angle  between the axes a and c of a unit cell. In 
the CsMg1-xMnxPO4 system, a regular increase of the parameters a, c and cell volume under substitution 
in the framework of Mg2+ cations for larger Mn2+ ones (r(Mg2+) = 0.57 Å, r(Mn2+) = 0.66 Å) is observed. 
As a result of the proximity of the ionic radii of Mn2+, Co2+ and Zn2+, in the systems CsMg1-xCoxPO4 and 
CsMg1-xZnxPO4 there are small deformations of the cells in different directions. Limited solid state 
solubility in the system CsMg1-xCuxPO4 is connected with the structural -tridymite instability due to the 
presence of tetrahedra CuO4 in its framework. These tetrahedra are greatly distorted owing to the Jahn–
Teller effect (this effect is typical of Cu2+ ions in tetrahedral or octahedral neighborhood and leads to 
significant differences in bond lengths in the copper polyhedra [15]). 
Table 1. Unit cell parameters of systems CsMg1- MexPO4 (Me = Mn, Co, Cu, Zn) 
 Symmetry (sp. gr.) , Å b, Å c, Å , ° V, Å3 
CsMg1-xMnxPO4 
0 orthorhombic (Pnma) 8.946(1) 5.526(1) 9.644(1) – 476.8(1) 
0.2 orthorombic 8.984(3) 5.535(2) 9.666(3) – 480.6(4) 
0.4 orthorombic 9.024(3) 5.539(2) 9.659(3) – 482.8(4) 
0.6 orthorombic 9.068(4) 5.548(2) 9.656(3) – 485.8(5) 
0.8 orthorombic 9.078(3) 5.556(2) 9.638(4) – 486.1(6) 
1.0 orthorhombic (Pn21a) 9.118(3) 5.583(1) 9.565(3) – 487.0(4) 
CsMg1-xCoxPO4 
0.2 orthorombic 9.014(6) 5.502(3) 9.493(8) – 475(1) 
0.4 orthorombic 9.094(3) 5.504(2) 9.526(5) – 476.8(5) 
0.6 orthorombic 9.111(6) 5.495(2) 9.488(5) – 475.0(8) 
0.8 monoclinic (P21/a) 18.410(8) 5.489(3) 9.376(6) 90.11(6) 947.4(6) 
1.0 monoclinic (P21/a) 18.411(8) 5.476(3) 9.301(5) 90.39(6) 937.7(9) 
CsMg1-xCuxPO4 
0.2 orthorombic 9.980(11) 5.523(7) 9.653(13) – 478.8(1.1) 
0.4 monoclinic (P21/a) 18.984(9) 5.466(3) 9.055(5) 90.17(4) 939.5(8) 
CsMg1-xZnxPO4 
0.2 orthorombic 8.974(4) 5.506(2) 9.580(4) – 473.3(4) 
0.4 orthorombic 9.065(6) 5.472(3) 9.467(6) – 469.6(5) 
0.6 monoclinic (P21/a) 18.35(1) 5.468(3) 9.376(5) 90.03(4) 940.8(9) 
0.8 monoclinic (P21/a) 18.43(2) 5.459(5) 9.305(9) 89.94(5) 936(2) 
1.0 monoclinic (P21/a) 18.49(1) 5.455(3) 9.252(5) 89.82(1) 933.2(9) 
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One of the important physical properties of compounds is their thermal expansion, which determines 
the strength of chemical bonds in the structure and allows us to come to the conclusion on the nature of 
interactions between atoms in a crystal. The phosphates CsMePO4 (Me = Mg, Mn, Co, Zn) were 
investigated by high-temperature X-ray powder diffraction. The unit cell parameter dependencies on 
temperature for the phosphate CsMgPO4 (sp. gr. Pnma) are shown in Fig. 2. For all the studied 
compounds they may be described by linear dependencies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Unit cell parameters of CsMgPO4 vs. temperature 
 
Thermal expansion coefficients of the studied phosphates are presented in Table 2. The samples 
expand anisotropically and belong to high-thermal expansion materials. The ceramics showed volume 
thermal expansion coefficients of (3÷7)·10-5 °C-1.  
 
Table 2. Thermal expansion coefficients of the phosphates CsMePO4 (Me = Mg, Mn, Co, Zn) 
Me Temperature 
range, °C 
Sp. gr. Value of thermal expansion coefficient·106, °C-1 
 b c  V 
Mg 25–800 Pnma 47 2.7 –5.7 – 44 
Mn 25–800 Pn21a 38 –0.36 15 – 53 
Co 25–200 P21/a 13 –21 43 –13 35 
 250–600 Pnma 18 19 4.3 – 30 
Zn 25–200 P21/a 38 3.7 29 –2.2 71 
 400–800 Pnma 31 5.5 4.3 – 41 
 
Under heating the -tridymite structure cell may deform both in the plane bc, a parallel six-membered 
rings of tetrahedra MeO4 and PO4, and in the direction of the crystallographic a axis, along which the 
rings are connected by common vertices. The strength and rigidity of Me O bonds in different directions 
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are very different in the compounds CsMePO4 (Me = Mg, Mn, Co, Zn). As an example, Fig. 3 shows the 
figures of the thermal expansion coefficients of CsMgPO4. The maximum expansion of the structure 
occurs the a axis direction, along which the rings of framework forming polyhedra PO4 and MeO4 are 
arranged. The deformations of the six-membered rings of tetrahedra are less significant, and 
the coefficient of thermal expansion along the c axis is negative because of their distortions. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. CsMgPO4 thermal expansion coefficient figures. 
 
The sintering of CsMgPO4-based ceramics containing different additives (CuO, GeO2, Bi2O3, PbO, 
Mg(OH)2, Co2O3, MnO2, FeO, Fe2O3, B2O3, Al2O3, Ta2O5, SiO2·nH2O, Cr2O3, ZnO, ZrO2, Li2CO3, 
LiCl·H2O) was studied. It was found, that some additives didn’t lead to ceramic sintering, and some 
additives led to the obtaining of high-density ceramics (more than 90%) at 700–900° , that may be 
explained by liquid phase sintering mechanism of the studied samples. The high-density ceramics were 
obtained using GeO2, CuO, PbO, Bi2O3 additives. The influence of CuO amount on the ceramic density 
was investigated, the optimal content was found to be 3.5 mass % (the relative ceramic density 91% at 
sintering temperature 900° ). CsMgPO4 sintering with two additives forming eutectic mixtures (PbO + 
CuO, PbO + GeO2) allowed us to obtain ceramics with more than 94% density (Fig. 4).  
Fig. 4. Sintering of CsMgPO4-based ceramics with additives as a function of temperature: (a) CuO, 0% (1), 1.5% (2), 2% (3), 2.5% 
(4), 3% (5), 3.5% (6), 5% (7); (b) PbO (3%) + GeO2 (2%) (1); PbO (2%) + GeO2 (3%) (2); PbO (2.5%) + CuO (2.5%) (3). 
(a)                                                                               (b) 
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Spark Plasma Sintering technique has been attracting large interest in the material science community 
for the last years (especially to produce refractory metals, composites and ceramics). Faster densification 
and higher final density with smaller grain growth have been achieved by this consolidation method [16]. 
However, most of the time these comparisons have been made with free sintering, totally neglecting the 
effect of the mechanical compressive stress applied during that process. In addition, the mechanisms 
responsible for the densification involved during field assisted sintering have not been completely 
clarified yet. 
A relative density of single-phase CsMgPO4-based ceramic obtained by SPS method was close to 
the same obtained by sintering with additives (95% of the theoretical value). A fracture toughness (K1c) 
and microhardness (Hv) were 0.45 0.52 MPa/m1/2 and 1.50 1.97 GPa correspondingly. Hydrolytic 
stability study showed that leaching degree of cesium was not more than 0.33% for all investigated 
ceramics. Leaching rates of approximately 3·10-4 g·cm-2·d-1 for Cs+ were determined with statical leaching 
of prepared ceramics (Fig. 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Kinetic curve of Cs+ leaching from CsMgPO4-based ceramic. 
 
4. Conclusions 
In the work the synthesis and study of the complex phosphates CsMg1-xMexPO4 (Me = Mn, Co, Cu, 
Zn) were carried out, concentration regions of isomorphous mixing in the systems were revealed and the 
temperature limits of various polymorph implementation were determined. The results have contributed 
substantially to the known literature data on phase formation in the solid solution systems of  
the -tridymite structure type. For the first time the data on the thermal expansion of -tridymite structure 
phosphates have been obtained. The sintering of CsMgPO4 containing additives allowed us to obtain 
ceramics with densities up to 95% of theoretical density. Similar results against the relative density of 
single-phase CsMgPO4-based ceramic were obtained by SPS method. The high specific content of the 
cesium in the phosphate CsMgPO4 and its solid solutions in combination with thermal and hydrolytic 
stability account for the prospects for their using as safe ceramic materials for cesium -radiation sources. 
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